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Sheet metalSimple shear tests are widely used for material characterization especially for sheet metals to achieve
large deformations without plastic instability. This work describes three different shear tests for sheet
metals in order to enhance the knowledge of the material behavior under shear conditions. The test set-
ups are different in terms of the specimen geometry and the ﬁxtures. A shear test setup as proposed by
Miyauchi, according to the ASTM standard sample, as well as an in-plane torsion test are compared in this
study. A detailed analysis of the experimental strain distribution measured by digital image correlation is
discussed for each test. Finite element simulations are carried out to evaluate the effect of specimen
geometries on the stress distributions in the shear zones. The experimental macroscopic ﬂow stress vs.
strain behavior shows no signiﬁcant inﬂuence of the specimen geometry when similar strain measure-
ments and evaluation schemes are used. Minor differences in terms of the stress distribution in the shear
zone can be detected in the numerical results. This work attempts to give a unique overview and a
detailed study of the most commonly used shear tests for sheet metal characterization. It also provides
information on the applicability of each test for the observation of the material behavior under shear
stress with a view to material modeling for ﬁnite element simulations.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
During sheet metal forming operations, materials are subjected
to high shear stresses (Bae and Ghosh, 2003). Sheet metal charac-
terization under shear loading is therefore an important method to
obtain reliable material data for a numerical process design of
sheet metal forming operations. Nowadays, the parameters of the
needed constitutive laws are determined by standard material
characterization methods, such as the standardized uniaxial tensile
test. With a view to modern and complex constitutive laws, as for
example presented by Barlat et al. (2003) or Banabic (2010), the
parameter identiﬁcation using uniaxial tensile tests is insufﬁcient
for their description; further experimental setups generatingdifferent load cases need to be considered. In order to identify
additional material parameters, many studies of the constitutive
behavior during shear deformation, especially for the examination
at large strains, were made by Rauch (1992). Bouvier et al. (2006)
analyzed the homogeneity of the shear zones depending on the
geometric ratio of the shear gauge. They recommended a ratio of
10:1 for the shear bridge length to height in order to maximize
the homogeneous part. Kang et al. (2008) compared the results
of shear tests to uniaxial tensile results, demonstrating good agree-
ment. The isotropic and kinematic hardening behavior can be
observed in cyclic shear tests without changing the testing device
or the sample geometry. Various experimental approaches and
specimen geometries are suggested in literature. This work pre-
sents a comparison of three representative shear test setups: the
shear test originally proposed by Miyauchi (1984), the standard-
ized test according to ASTM B831 (ASTM, 2005), and the twin
bridge shear test as described in Brosius et al. (2011). We present
the experimental analysis of strain distributions and the resulting
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numerical study of the stress state.
2. State of the art
2.1. Sheet metal characterization
Various testing methods for the characterization of the plastic
behavior of sheet materials are established today. Fig. 1 schemati-
cally shows some well-known tests and the corresponding stress
states in the r1  r2 plane. The yield locus can be divided into four
quadrants. The ﬁrst quadrant represents the biaxial tensile stress
states, while the third quadrant corresponds to biaxial compres-
sion. Shear deformation with one tensile and one compression
stress component is located in the second and forth quadrants.
The simple tension test can be found on the positive half of the
axes. Due to its simplicity and the homogeneous stress and strain
distribution, this test is considered as a standard test for many
applications. The maximum achievable strain is limited by necking,
which occurs for normal sheet metals at an equivalent strain of
0.2–0.3 or even below. On the compression side, the uniaxial com-
pression test bears many difﬁculties for sheet materials due to
their tendency to buckle. This issue is particularly important for
applications of cyclic loadings as shown by Cao et al. (2009). Differ-
ent testing methods are applied to study biaxial tensile stress
states: the hydraulic bulge test (Panknin, 1959), the biaxial tensile
test (Hannon and Tiernan, 2008) and the stack compression test
(Merklein and Kuppert, 2009). Biaxial compression represents the
highest difﬁculty for sheet metal testing. Zillmann et al. (2011)
have recently proposed a new test setup using very small quadratic
specimens and an optical strain measurement to further analyze
this load case.
Shear tests are a convenient way to characterize materials
under shear loadings. Hardening curves can be recorded without
limitations inherently associated with friction, buckling or necking.
Numerous different specimen geometries and testing devices have
been proposed for shear testing. Iosipescu (1967) presented a
V-notched geometry which was further developed and, for exam-
ple, documented in the ASTM D5379 standard (ASTM, PA). G’Sell
et al. (1983) and Rauch and G’Sell (1989) introduced a plane shear
test for polymer or metallic sheet materials. This test allows the
setting of the principal stress axes in rolling and transverse direc-
tions of the sheet. Due to the inhomogeneous strain distributionFig. 1. Overview of testing methods for sheet metal characterization.induced by edge effects, (Bouvier et al., 2006) suggested to increase
the ratio of length to width in order to generate a larger central
area. Miyauchi (1984) suggested a specimen with two shear
gauges and three clamping areas. By a translational movement of
the inner area parallel to the outer clamps, both shear gauges are
deformed symmetrically, which reduces the rotation moment on
the machine. An et al. (2009) compared two Miyauchi-type speci-
mens with rectangular shape and slit shape of the shear zones. For
rectangular geometries, the strain distribution is quite homoge-
neous in the majority of shear length of specimen, while for
specimens with slits, the strain distribution is rather inhomoge-
neous across the larger part of the shear length. The ASTM standard
B831–05 (ASTM, 2005) describes a shear specimen that can be di-
rectly used in uniaxial testing machines because of its simple
geometry. Diagonal slits are arranged on a sheet strip so that a
small zone is sheared when tensile loads are applied. Shouler
and Allwood (2010) also studied the fomability of sheet materials
using shear specimens. While shear tests are commonly conducted
using a translational displacement, torsion also leads to simple
shear deformation. Marciniak (1961) proposed the in-plane torsion
test for sheet metal testing, which was further developed by
Pöhlandt and Tekkaya (1985) and Bauer (1989). Recently, a shear
test using the in-plane torsion kinematics was also suggested by
Brosius et al. (2011): the so-called twin bridge shear test. In the
remainder of this paper, we focus on three approaches for shear
testing: the Miyauchi shear test, the shear test according to ASTM
B831 and the twin bridge shear test using in-plane torsion.2.2. Miyauchi shear test
Miyauchi (1984) proposed a simple shear test with two shear
zones, Fig. 2. The specimen has three bars that are all clamped,
and that are connected by the regions that represent the two shear
zones. When a tensile load is applied to the middle bar, the
connecting regions will be deformed by shear deformation. This
geometry reduces the rotation of the shear zone during loading.
However, while this approach provides a work-around for the rota-
tion of the shear direction, it creates a different rotation of the prin-
cipal stress directions in the two shear zones during deformation.
As a consequence, an anisotropic material response may be par-
tially averaged out and may probably not be fully represented by
the experimental data. The slits in the specimen help to reduce
the premature failure due to stress concentrations on the edges.
The geometry of the specimen, especially the length of the shear
zone, can affect the measured work hardening, as investigated by
An et al. (2009), where two different geometries were used. An
et al. (2009) recommended the rectangular specimen since the
strain distribution in the shear zone is quite homogeneous. The(a) (b)
Fig. 2. Schematic representation of the (a) Miyauchi test setup and (b) specimen
geometry proposed by Zillmann et al. (2012). The arrow indicates the direction of
force.
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minor effect on the measured shear stresses. Moreover, it was
found that the strain distribution in the shear zone has a pro-
nounced effect on the measured work hardening. Therefore, special
care must be taken to use well adapted strain measurement meth-
ods during the test. Further detailed studies on the effect of differ-
ent Miyauchi specimen geometries on experimental ﬂow curves
can be found in, e.g., van Riel and van den Boogaard (2007);
Merklein and Biasutti (2011); Zillmann et al. (2012).2.3. Shear test according to ASTM B831
A well-known test setup for simple shear tests of thin wrought
sheet metals is based on the American Society for Testing and
Materials standard ASTM B831 (ASTM, 2005). The ASTM standard
for single shear testing was developed primarily to investigate
the behavior of thin aluminum products under shear loading using
a single shear zone. This leads to a simple geometry (Fig. 3(a)) and
a simple evaluation of shear stresses and strains. The planar simple
shear test with a single shear zone is a very efﬁcient technique to
evaluate the mechanical properties of ﬂat samples and to analyze
the in-plane plastic anisotropy of metals (Rauch, 1998). Because
of the single shear zone, the anisotropic material response can be
studied in greater detail comparison to the Miyauchi type speci-
men. The original ASTM sample is used in a tension testing ma-
chine, where the shear stress is calculated from the uniaxial
tensile force. This planar simple shear experimental setup can be
realized on a universal testing machine with a built-in ﬁxture de-
vice, as, for example, developed by Staud and Merklein (2009).
The uniaxial load of the machine enforces a parallel movement of
two lateral grips (Bouvier et al., 2006). However, the specimen ro-
tates during testing. This rotation can be reduced by a very stiff
clamping tool and by using an adequate clamping force, but a
strong clamping force can damage the specimen or result in an
undesirable deformation when the ﬁxture device is not fully
aligned in the same plane as the specimen. A displacement of the
upper and lower tool out of this plane leads to a warping of the
specimen that can cause premature failure of the shear specimen.
This can be avoided by an adequate positioning of the tool in the(a) (b)
Fig. 3. Simple shear test specimen according to (a) ASTM B831–05 standard and (b)
a modiﬁed ASTM specimen proposed by Merklein and Biasutti (2011). The arrows
indicate the direction of force.testing machine with low tolerances. A modiﬁed simple shear
specimen (Fig. 3(b)) based on the ASTM standard was developed
by Merklein and Biasutti (2011) to facilitate a reversal of the load
direction. This opens a pathway to evaluate the material behavior
under cyclic shear loading to describe kinematic hardening
behavior.
2.4. Twin bridge shear test
The twin bridge shear test is a variant of the in-plane torsion
test originally introduced by Marciniak (1961). A round sheet spec-
imen is clamped concentrically in the center and on its outer rim.
By a relative rotation between inner and outer ﬁxtures, shear
deformation takes place in the annular area in-between. Compared
to other shear tests, the loading is applied as a moment instead of a
force couple. Therefore, no additional unwanted reaction moment
is created which has to be compensated by the clamps. Brosius
et al. (2011) presented a modiﬁed geometry with two slits in the
round sheet specimen, creating two shear zones where the defor-
mation is localized (Fig. 4). The bridge dimensions are deﬁned by
the radius rm, the height Dr, and the arc length #. By twisting the
clamps, both bridges are deformed in the same orientation. This
modiﬁed specimen geometry exhibits completely different charac-
teristics than the original in-plane torsion test without slits. While
the original in-plane torsion test is able to generate a shear stress
state without edge effects, the twin bridge specimen is suitable to
determine shear curves for anisotropic materials. Yin et al. (2012)
presented a method based on the modiﬁed geometry to identify
kinematic hardening parameters using an inverse approach with-
out stress measurements.3. Experimental procedure
3.1. Material
The tested material DC06 is an interstitial free steel which be-
longs to the category of cold-rolled low carbon steel. The material
batch was delivered by ThyssenKrupp Steel Europe. After cold roll-
ing, the material was annealed and subjected to the ﬁnal skin-pass
by the manufacturer. The sheet thickness is 1 mm. The average
yield strength in uniaxial tension and the Lankford coefﬁcients
for 0;45 and 90 with respect to the rolling direction is given in
Table 1. All test specimens used in this work were prepared from
the same batch. More detailed information about this material
batch regarding the initial texture, grain size etc., is given in
Clausmeyer et al. (2012). The tested direction in the presented
study is 45 with respect to the rolling direction.
3.2. Strain measurements and strain calculations
A consistent measurement technique of the shear strain was
deﬁned to compare the different shear tests. In all cases, the straina) b)
M
M
slit
shear
bridges r
r1
r2
rm
α
θ
Fig. 4. In-plane torsion test according to Brosius et al. (2011) (a) twin bridge
specimen; (b) geometry of the shear zone.
Table 1
Mechanical properties in uniaxial tension with respect to the rolling direction.
Angle to rolling direction r0:2 (MPa) r-value
0 141 2:3
45 142 1:9
90 142 2:8
plunger
Fig. 6. Fixture that was used for the modiﬁed Miyauchi specimen.
Fig. 7. Fixture (built in tool) for the modiﬁed ASTM specimen.
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imaging correlation (DIC) system. Strains were analyzed by taking
the average strain value along the longitudinal direction, as shown
in Fig. 5. Moreover, to characterize homogeneity of the strain dis-
tributions, strains were also analyzed along the transversal direc-
tion. For each time step, the average strain value along the
longitudinal direction (which is located in the middle of the shear
zone) was selected as representative measure for the macroscopic
shear strain:
cmeas ¼
1
l
Z x¼l
x¼0
cðxÞdx: ð1Þ
where l is the length of the evaluated region.
3.3. Miyauchi test
In the present study, the modiﬁed Miyauchi specimen proposed
by Zillmann et al. was used (see also Fig. 2(b)). The width to thick-
ness ratio is 3 : 1 and the ratio of length to width is 5 : 1. The ﬁx-
ture used in the experiments (Fig. 6) clamps the specimen on the
three bars (using juck chaws) in direction of the sheet thickness.
The design of the ﬁxture allows direct observation of the specimen
surface to determine surface strains in the shear zones using the
DIC method. The machine speed was set to 0:3 mm/min which
leads to a shear strain rate of 0:001 s1. The shear stress s can be
determined as
s ¼ F
2  l0  s0 ð2Þ
where F is the force required to deform the two shear zones and l0
and s0 represent the initial gauge length and the initial sheet thick-
ness, respectively.
3.4. ASTM B831
A universal tensile machine was used for the simple shear tests
with a built-in ﬁxture that consists of two hydraulic clamps, Fig. 7.Fig. 5. Analysis of the strain distribution is demonstrated by two different
directions.To suppress rotation of the specimen, two stabilizer plates are
installed on the upper and lower clamping tool. The shear zone
of the specimen is not covered by the plates. On the upper clamp-
ing device, a load cell is mounted to measure the uniaxial force for
determining the shear stress during the movement of the cross-
head. The crosshead motion was adjusted at a constant machine
speed of 0:1 mm/min which leads to a shear strain rate of
0:001 s1. The geometry used in this study is a modiﬁed ASTM
B831–05 standard test geometry developed by Merklein and
Biasutti (2011). The shearing zone of the specimen has an initial
length of l0 ¼ 4:7 mm and a width of b0 ¼ 1:6 mm (see also
Fig. 3(b)), which corresponds to a length to width ratio of 2:9 : 1
and a width to thickness ratio of 1:6 : 1. The shear stress s can be
determined from
s ¼ F
l0  s0 : ð3Þ3.5. Twin bridge shear test
The torsion testing on the twin bridge specimen was conducted
using the device described by Yin et al. (2011), Fig. 8. Integrated in
a universal testing machine, an inner clamping force of up to 50 kN
can be applied. The rotation of the outer ﬁxtures is provided by a
servo motor using a worm gear. Sensors measure torque and rota-
tion angle during testing, and strains can again be documented by
DIC. The dimensions of the specimen’s slits are listed in Table 2.
The twin bridge specimen has an outer radius of 40 mm. Since
the outer clamping radius is 30 mm, an annular area of 10 mm
width is ﬁxed under the clamping ring. The inner clamping radius
Fig. 8. Experimental setup for in-plane torsion testing used for the twin bridge
specimen.
Table 2
Dimensions of the twin bridge specimen.
Specimen radius 40 mm
ri 15 mm
r0 30 mm
D# 20
rm 21:5 mm
Dr 1 mm
r1 21 mm
r2 22 mm
rs 0.5 mm
1070 Q. Yin et al. / International Journal of Solids and Structures 51 (2014) 1066–1074is 15 mm. The dimension of the shear bridges is deﬁned by the slit
geometry. In the present conﬁguration the shear zone height is
1 mm and the length is about 7:5 mm which leads to a length to
width ratio of 7:5 : 1. Compared to the initially presented shear
zone shape of Brosius et al. (2011), notch radii of rs are applied
in order to avoid premature cracks at the corners (Fig. 4(b)). The
shear stress can be calculated by
s ¼ M
s0  D#  r2m
ð4Þ
using the applied torque M. As shown in Brosius et al. (2011), the
theoretical strain calculation
v ¼ tana ¼ h  rm
Dr
ð5Þ
cannot be directly applied due to the outspread of plastic deforma-
tion to adjacent areas. Therefore, optical strain measurements are
required also in this test in order to determine the strains in the
shear bridges.
4. Results and discussion
4.1. Experimental strain distributions and ﬂow curves
The strain distributions are now discussed along the two differ-
ent directions in the shear zones (see Fig. 5). The homogeneity ofthe shear zone is discussed for total equivalent strains (including
elastic strains) of 0.05 and 0.2. The equivalent v. Mises strain eeq
was calculated for each time step along the longitudinal direction,
using the surface strain components obtained from the DIC mea-
surements. The major and minor strains along the longitudinal
and transversal directions for each specimen type are presented
in Fig. 9. Generally, strains are lower near the center of the shear
zone. In longitudinal direction, strains rapidly increase from the
edges and reach a maximum at a relative distance of about 0:1
(Fig. 5(a)). Strain inhomogeneity increases with higher deforma-
tions. The distributions of the two principal strains are very similar
for all specimen geometries and test setups. There are some minor
differences near the edges in the longitudinal direction between
the specimens, that can most likely be related to the different
height to width ratios of the shear zones. The major and minor
strain in the center of the shear zone is identical in transversal
and longitudinal direction, which indicates that the specimens pro-
duce a shear deformation that is very close to the ideal case. As an
example, the measured strain distributions for an average equiva-
lent plastic strain of 0.2 along the longitudinal direction are shown
in Fig. 10. Although variations in strains (related to the different
designs of the shear zones) are clearly visible in all samples, the
differences are low for the plotted equivalent strain and all sam-
ples can be used to study quite homogeneous shear deformation.
The experimental shear stress vs. shear strain curves deter-
mined with the different specimen types are shown in Fig. 11. It
can be clearly seen that the curves exhibit a similar hardening
behavior and are generally in excellent agreement up to shear
strains of 0:8. Small deviations of the curves can occur because of
material inhomogeneity, e.g. thickness variations. A divergence is
seen at large strains of more than 0.8 which can be a result of
necking.
4.2. Numerical results
In order to further evaluate the local and overall response of the
different shear specimens considering both strains and stresses, ﬁ-
nite element simulations were conducted. The shear specimens
were meshed with 2D plane stress elements (CPS3 and CPS4R) in
ABAQUS/Standard. The element edge length in the shear zone
was set to 0:1 mm. Isotropic elastic–plastic material behavior
according to von Mises was used in the simulation. The non linear
geometric option (nlgeom) is used. The ﬂow curve used for the in-
put of the numerical simulation was extrapolated from the result
of a uniaxial tensile test in RD of this material. The extrapolation
approach of Swift was used. Specimen dimensions used in the sim-
ulation correspond to the experimental setups described in the
previous sections. The loading was realized in all tests by applying
a boundary condition as a translational displacement or a rotation
on the clamped nodes, following the real experimental kinematics.
Stresses and strains were analyzed along the same (longitudinal
and transversal) directions described above. Corresponding to the
experimentally determined shear curves using optical strain mea-
surements, a similar approach was used in order to evaluate the
ability of the shear tests to reproduce a given hardening curve.
For this purpose, the strain of the ﬂow curve is calculated from
the average value along the longitudinal section cut. The stresses
are not taken from the elemental results of the simulation, but
are determined from Eqs. (2)–(4) using the reaction moment or
reaction force data in the history output of the simulations. The
calculation of the stress vs. strain curves in the simulations there-
fore correspond closely to the real experiments.
Fig. 12 shows the simulated ﬂow curves that represent the re-
sponse of each specimen to a well-deﬁned input ﬂow curve in a
purely numerical analysis. All three tests are able to reproduce
the given ﬂow curve with good accuracy up to an equivalent plastic
(a)
(b)
Fig. 9. Experimental strain distribution along the (a) longitudinal and (b) transversal direction of the shear zone for the three specimens determined with the software
Aramis. The plots are generated at an average equivalent v. Mises strain eeq of 0.05 and 0.2 along the longitudinal direction.
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mate the ﬂow curve. However, all three tests fulﬁll the require-
ment of reproducing the original hardening behavior, since the
error at larger strains is the result of severely distorted elements
at the edges. At this stage of deformation, the simulation is not
capable of describing the specimen behavior anymore, since crack
initiation at the edges and the development of fracture is not con-
sidered in the used material model. Thus, these numerically ob-
tained shear ﬂow curves do not provide information about the
achievable strain in the shear tests. In a further step, the distribu-
tions of the numerically calculated shear stresses along the longi-
tudinal and transversal cuts are compared for a shear strain of
0.4, which is equal to an equivalent plastic strain of about 0.23.
The analysis of the stresses are resolved in the global coordinate
system. The results are shown in Fig. 13. Since the absolute cut
length varies for all geometries, the relative cut length is used for
comparison. Along the longitudinal direction, shear stress distribu-
tions for all three specimens exhibit a maximum next to the edges.
The position of this maximum is different due to the aspect ratios
of shear zone width and height. In the center, the same value canbe obtained for all three tests. In the transversal direction, shear
stresses decrease with increasing distance from the center. The re-
sults for the Miyauchi and the twin bridge specimen agree more
closely than the results for the modiﬁed ASTM shear test. Qualita-
tively, the distribution of shear stresses is comparable for all three
tests.
For a more detailed analysis of the stress state, the normal
stress components rx in longitudinal and ry in transversal direc-
tion are shown in the diagrams of Fig. 15. The Miyauchi and the
modiﬁed ASTM shear test reach a rx value of 40–50 MPa, which
is the tensile component of the stress tensor parallel to the shear
direction. For the twin bridge specimen, this component is also a
tensile stress with high values near the edges and a minimum near
the center of about 9 MPa. The stress component ry is also positive
for the Miyauchi and the modiﬁed ASTM specimen, thus much
smaller than rx. A different distribution occurs for ry in the twin
bridge specimen, which changes from tensile to compressive stres-
ses along the longitudinal cut. Some remarks have to be made with
respect to the stress analysis. Since there are tensile stress compo-
nents at the edges of the shear zone, necking can occur during
0.00
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
0.30
[log.]
(a) (b) (c)
x
y
Fig. 10. Experimental v. Mises strain determined with the software Aramis at an
equivalent strain of 0.2 which is the average value in the longitudinal direction in
the center of the shear zone for (a) modiﬁed Miyauchi (b) modiﬁed ASTM (c) twin
bridge specimen.
Fig. 11. Experimental shear stress vs. shear strain curves for three shear test setups.
Fig. 12. v. Mises shear stress vs. strain curves gained from the simulation for three
shear test setups.
Fig. 13. Shear stress distribution for the longitudinal and transversal cut gained
from the simulation at an average equivalent strain of 0.23 in the longitudinal
direction.
Fig. 14. Rotation angle in longitudinal direction gained from the simulation at an
average equivalent strain of 0.23 in the longitudinal direction.
1072 Q. Yin et al. / International Journal of Solids and Structures 51 (2014) 1066–1074deformation. This again can change the material thickness which is
neglected for the stress calculation in the experiment and the 2D
numerical study. The Miyauchi setup was exemplarily modeledin 3D with three elements in the thickness direction to capture
the change in thickness. At an average shear strain of 0:4 in the lon-
gitudinal direction, a thickness reduction of less than 1% in the
middle of the shear zone and smaller than 6% on the edges was de-
tected. The stress vs. strain curve was calculated with the same
method as used in the 2D simulation and compared to each other.
The 2D and 3D results are identical in their stress vs. strain
response. Thus, the change of thickness for the shown shear spec-
imens is negligible. Another aspect to validate the specimen geom-
etries is the rotation of the shear zone during deformation. A high
rotation during shearing would change the loading direction and
the anisotropy is smeared out. Fig. 14 shows the rotation angle
at an average equivalent strain of 0:23 in the longitudinal direction
for the three setups. At both ends, a rotation angle of about 30 can
be found for the analyzed shear specimen. However, the central
area is not affected by the rotation. For the Miyauchi and the ASTM
specimen, a rotation angle of about 0:5 was calculated. The distant
clamping situation in the twin bridge specimen causes slightly
higher rotation (2:5) of the central shear zone area. Comparing
the rotated areas to the unrotated region, about 10% of the shear
zone length at each length scale is signiﬁcantly affected by the
edge rotation. The ASTM specimen shows a smaller ratio of shear
zone length to height compared to the Miyauchi specimen. There-
fore, the large edge rotation affects a higher amount of the shear
(a)
(b)
Fig. 15. Stress components in x and y direction gained by the simulation at an
average equivalent strain of 0.23 in the longitudinal direction, where the x direction
is parallel to the shear direction. (a) Longitudinal cut and (b) transversal cut.
Q. Yin et al. / International Journal of Solids and Structures 51 (2014) 1066–1074 1073zone. Considering the experimental results, a good accordance can
be found despite these differences. The major part of the shear
zone remains almost unrotated. The rotation near the edges can
be neglected during the evaluation.
To summarize the numerical results, the chosen method to esti-
mate the macroscopic shear strain as an average along a longitudi-
nal cut through the center of the shear zone is applicable for all
three shear tests. However, different stress distributions occur,
especially for the normal stress components in x and y-direction.
All three test setups only represent an approximation of simple
shear deformation even in the center of the shear zones. While
the different specimens are characterized by different stress states,
the numerically determined ﬂow curves are in good agreement
with the given curve. The normal stresses and their varying distri-
bution obviously only have a minor inﬂuence on the overall esti-
mation on shear strains.
5. Summary and conclusions
In this study, three different shear test setups using different
specimen geometries were compared based on experimental data
and numerical simulations. Specimen geometries were varied witha special focus on the size of the shear zones and their length to
width ratios (varied from 2.9: 1 to 7.5: 1). Moreover, different spec-
imen/ ﬁxture designs required different methods of force applica-
tion. The experimental results show that shear stress vs. shear
strain curves obtained from the different test setups are in a good
agreement, provided that strains are measured using a digital im-
age correlation system. This method has the additional advantage
of providing detailed information on local strain distributions in
the shear zones, which were found to also be quite similar in all
specimen types studied here.
The results of ﬁnite element simulations of the different shear
tests also demonstrate that the stress vs. strain curves can be
directly compared when the strain analysis is designed to fully
mimic the experimental approach. Moreover, the ﬁnite element
simulations allow for a careful analysis of the local stresses and
reveal some minor differences in terms of the stress distribution.
In particular, the distribution of shear stresses along the longitudi-
nal axis is generally not homogeneous, except near the center of
the shear zones. In addition, relatively small uniaxial tensile stres-
ses occur parallel to the shear direction.
The combined experimental and numerical work presented
here suggests that the shear zone length to width ratio only has
a minor effect on the strain distribution in the shear zones; the
small rotation of the principal stress directions that occurs in the
Miyauchi specimen also hardly affects the measured work harden-
ing. The macroscopic mechanical behavior (as represented by the
work hardening) of sheet metals under simple shear loading can
therefore be documented accurately, irrespective of which speci-
men geometry is used, if an optical strain measurement system
is used.Acknowledgment
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